The microbial degradation of chlorinated and nonchlorinated methanes, ethanes, and ethenes by a mixed methane-oxidizing culture grown under chemostat and batch conditions is evaluated and compared with that by two pure methanotrophic strains: CAC1 (isolated from the mixed culture) and Methylosinus trichosporium OB3b. With the exception of 1,1-dichloroethylene, the transformation capacity (T c ) for each chlorinated aliphatic hydrocarbon was generally found to be in inverse proportion to its chlorine content within each aliphatic group (i.e., methanes, ethanes, and ethenes), whereas similar trends were not observed for degradation rate constants. T c trends were similar for all methane-oxidizing cultures tested. None of the cultures were able to degrade the fully chlorinated aliphatics such as perchloroethylene and carbon tetrachloride. Of the four cultures tested, the chemostat-grown mixed culture exhibited the highest T c for trichloroethylene, cis-1,2-dichloroethylene, tetrachloroethane, 1,1,1-trichloroethane, and 1,2-dichloroethane, whereas the pure batch-grown OB3b culture exhibited the highest T c for all other compounds tested. The product toxicity of chlorinated aliphatic hydrocarbons in a mixture containing multiple compounds was cumulative and predictable when using parameters measured from the degradation of individual compounds. The Methane-oxidizing cultures cometabolize a number of chlorinated aliphatic compounds (10, 12, 16, 17, 21, 24, 26) . Previous studies that compared the cometabolic degradation rates of various chlorinated aliphatic hydrocarbons by methanotrophic cells (21) and pure soluble methane monooxygenase enzymes (13) have shown no direct relationship between compound structure and degradation rate. On the other hand, Fogel et al. (12) compared the amount of degradation (rather than the degradation rate) of six chlorinated ethenes by a mixed methane-oxidizing culture and showed that cometabolic degradation decreased with increasing chlorine number. Similar results (reported as the maximum allowable substrate per cell) for a number of chlorinated methanes, ethanes, and ethenes with pure Methylosinus trichosporium OB3b cells were also observed by Oldenhuis et al. (21); however, compounds such as 1,1-DCE and 1,1-dichloroethane (1,1-DCA) did not follow this trend. A recent study conducted with a mixed methane-oxidizing culture showed that ethenes with asymmetric chlorine distribution were degraded in smaller amounts than were other chlorinated ethenes (11).
Chlorinated aliphatic hydrocarbons have become widely distributed environmental contaminants through discharge of industrial wastewaters, seepage from landfills, and leakage from underground storage tanks. In a survey of 945 finished water supply systems in the United States, Westrick et al. (25) found that almost 20 chlorinated aliphatic hydrocarbons (e.g., trichloroethylene [TCE], 1,1,1-trichloroethane [1,1,1-TCA], perchloroethylene [PCE], 1,2-dichloroethylene [1,2-DCE], and 1,1-DCE) frequently appeared in contaminated systems. Nearly half of the contaminated systems showed the presence of multiple contaminants. This observation indicates the need for basic research on the biodegradation of chlorinated aliphatic mixtures in water.
Methane-oxidizing cultures cometabolize a number of chlorinated aliphatic compounds (10, 12, 16, 17, 21, 24, 26) . Previous studies that compared the cometabolic degradation rates of various chlorinated aliphatic hydrocarbons by methanotrophic cells (21) and pure soluble methane monooxygenase enzymes (13) have shown no direct relationship between compound structure and degradation rate. On the other hand, Fogel et al. (12) compared the amount of degradation (rather than the degradation rate) of six chlorinated ethenes by a mixed methane-oxidizing culture and showed that cometabolic degradation decreased with increasing chlorine number. Similar results (reported as the maximum allowable substrate per cell) for a number of chlorinated methanes, ethanes, and ethenes with pure Methylosinus trichosporium OB3b cells were also observed by Oldenhuis et al. (21) ; however, compounds such as 1,1-DCE and 1,1-dichloroethane (1,1-DCA) did not follow this trend. A recent study conducted with a mixed methane-oxidizing culture showed that ethenes with asymmetric chlorine distribution were degraded in smaller amounts than were other chlorinated ethenes (11) .
Researchers have shown that chlorinated aliphatics such as TCE, DCE, and chloroform (CF) exhibit product toxicity after being cometabolized by methane-oxidizing cells (3, 5, 15, 20) , resulting in a finite transformation capacity (T c ) of cells for each individual compound (2, 9, 11) . If the attack of toxic products on cellular materials results in cell activity that decreases in proportion to the compound degraded, T c can be represented as a constant defined by the amount of compound degraded divided by the amount of cells inactivated (2) :
where dX is the amount of cells inactivated during the cometabolic reaction (milligrams per liter), dS c is the amount of cometabolic compound degraded during the reaction (micromoles per liter), and T c is the transformation capacity for the cometabolic compound (micromoles per milligram). This paper evaluates the hypothesis that the product toxicity of chlorinated aliphatic hydrocarbons to methane-oxidizing cells decreases in proportion to their chlorine content. The experiments were designed to compare T c for low-molecularweight chlorinated aliphatic hydrocarbons (i.e., methanes, ethanes, and ethenes) by using four methane-oxidizing cultures: a mixed methane-oxidizing culture grown under both chemostat and batch conditions and two pure methanotrophic strains (CAC1, isolated from the mixed culture, and M. trichosporium OB3b) grown under batch conditions. For T c to accurately reflect the product toxicity associated with the cometabolic degradations, T c was measured in the presence of formate (20 mM), a compound shown to remove reducing-energy limitation without exerting inhibition effects during cometabolic degradation reactions (1, 6, 15, 23, 24) .
For wastewater mixtures containing multiple chlorinated aliphatic compounds, both competitive inhibition and product toxicity may occur during cometabolic degradation (3, 5, 23) . However, two important issues with respect to the cometabolic degradation of mixtures have yet to be resolved: (i) whether the product toxicity exerted by the degradation of individual compounds is cumulative for the degradation of mixtures and (ii) whether the T c measured for individual compounds can be used to predict the overall T c of compounds in mixtures.
To answer these questions, we introduce a term to describe the T c of compound i present in a mixture containing multiple compounds: T ci mix , defined as the maximum mass of compound i transformed per total mass of cells inactivated by transformation of the mixture. Equation 1 can be rewritten as
where T ci mix is the transformation capacity of compound i in a mixture, dS i is the mass of compound i transformed in the mixture, and dX is the total mass of cells inactivated by the mixture.
If the product toxicity of chlorinated aliphatic hydrocarbons is cumulative, the total amount of cells inactivated would be the sum of the amounts of cells inactivated by the product toxicity of each individual compound in the mixture, giving
where dX i is the amount of cells inactivated as a result of degradation of compound i and T ci is the individual transformation capacity for compound i measured when compound i is the only compound transformed. By combining equations 2 and 3, the T c of compound i in a mixture (T ci mix ) can be expressed as a function of dS i and T ci :
Equation 4 indicates that the T c for compound i in a mixture would not be equivalent to its individual T c (i.e., T ci mix T ci ) but would be predictable given knowledge of the mixture components and their individual T c values.
However, if the product toxicity of chlorinated aliphatics is not cumulative but independent of each other, the T c for compound i in a mixture would be expected to be the same as the individual T c (i.e., T ci mix ϭ T ci ) and would be predictable given no knowledge of other mixture components.
To Methane-oxidizing cultures. Two mixed and two pure methane-oxidizing cultures were used in this research: (i) a mixed methane-oxidizing culture grown under chemostat conditions, (ii) a mixed methane-oxidizing culture grown under batch conditions, (iii) a pure culture of methanotrophic strain CAC1 (isolated from the mixed culture) grown under batch conditions, and (iv) a pure culture of the methanotrophic M. trichosporium OB3b grown under batch conditions.
All methane-oxidizing cultures were maintained at an ambient temperature of 20ЊC (26 to 28ЊC liquid temperature) in a nitrate mineral salts (NMS) medium with no supplemented copper or chloride ions at pH 6.8 to 7.0 (7). The chemostat-grown mixed culture was seeded with soil from a defunct landfill in Berkeley, Calif., and cultivated in a 14-liter chemostat maintained at 5-liter liquid volume with a 5-day liquid detention time at a mixing rate of 500 rpm. A mixture of 13% (vol/vol) methane in air (86 mg/liter) was fed into the chemostat continuously at a rate of 200 ml/min. The gas effluent contained 7% methane (46 mg/liter), 6% CO 2 , and 13% O 2 . The average cell dry weight in solution (X) was 3.7 g/liter, and the net growth yield of the culture was 0.33 g of cells per g of methane. This culture was brown, with predominantly (Ͼ95%) gram-negative rod-shaped cells (0.8 by 5 m). A culture with morphology similar to that of the predominant cells of the culture was purified and isolated by multiple plating on 1.5% NMS agar under conditions of 3 to 13% methane in air (strain CAC1).
The batch-grown mixed culture was seeded from the chemostat-grown culture and grown aseptically in 500-ml closed flasks containing 30 ml of NMS medium sealed with Suba stoppers (Sigma Chemical Co., St. Louis, Mo.) and agitated at 150 rpm, with methane concentrations maintained between 3 and 13% in air. Cells were harvested when the cell dry weight reached about 1 g/liter in each flask. Pure cultures CAC1 and M. trichosporium OB3b (obtained from the laboratory of Richard Hanson, University of Minnesota) were grown aseptically under batch conditions similar to the mixed batch culture.
Chemicals. Carbon tetrachloride (CTC; Ն99% ACS regent), CF (99.9% gas chromatography [GC] grade), 1,1,1-TCA (99.9% GC grade), and 1,2-DCA (Ն99% ACS regent) were purchased from Fisher Scientific Co., Fair Lawn, N.J. PCE (Ն99%), TCE (Ն99%), 1,1-DCE (99%), cDCE (98%), trans-1,2-dichloroethylene (tDCE, 97%), 1,1,1,2-tetrachloroethane (1,1,1,2-TeCA; 99.5%), dichloromethane (DCM; 99%), ethyl chloride (EC; 99%), and methyl chloride (MC; 99.5%) were purchased from Aldrich Chemical Co., Milwaukee, Wis. VC (Ն99.5% GC grade) and 1,1,2,2-tetrachloroethane (1,1,2,2-TeCA; Ն98% GC grade) were purchased from Fluka Inc. Ronkonkoma, N.Y. Methane (99.95%) was purchased from Matheson Co., Newark, N.J. Ethane (99%) and ethene (99.5%) were purchased from Alltech Co., Deerfield, Ill.
For compounds that are liquid at 20ЊC (i.e., CTC, CF, DCM, 1,1,1,2-TeCA, 1,1,2,2-TeCA, 1,1,1-TCA, 1,2-DCA, PCE, TCE, 1,1-DCE, cDCE, and tDCE), a stock saturated aqueous solution was prepared by adding about 3 ml of pure compound to 26-ml glass vials containing deionized water. Each vial was sealed with a Mininert Teflon-lined cap (Alltech Co.) and vigorously shaken, and the contents were allowed to settle for at least 24 h before use. Stock solutions were transferred using gas-tight syringes (Precision Sample Co., Baton Rouge, La.) with care to exclude non-aqueous-phase aliphatics compounds.
For compounds that are gaseous at 20ЊC (i.e., MC, EC, VC, methane, ethane, and ethene), samples were transferred directly from gas containers to sample vials with gas-tight syringes (Pressure-Lock; Precision Sample Co.).
Analytical methods. Concentrations of volatile aliphatic hydrocarbons were determined from headspace analyses. For compounds with a high chlorine content (i.e., CTC, CF, 1,1,1,2-TeCA, 1,1,2,2-TeCA, 1,1,1-TCA, PCE, and 1,1-DCE), 15 l of headspace gas was withdrawn from the vials with a CR-700-50 constant-rate gas-tight syringe (Hamilton Co., Reno, Nev.) and analyzed with a Hewlett-Packard 5880 gas chromatograph (85ЊC) with a glass capillary column (0.75 mm by 30 m; Supelco Co., Bellefonte, Pa.) and an electron capture detector. For compounds with low (or no) chlorine content (i.e., DCM, MC, 1,2-DCA, EC, TCE, cDCE, tDCE, VC, methane, ethane, and ethene), a flame ionization detector and a 50-l sample size were used.
Most of the chlorinated and nonchlorinated aliphatic compounds used in this research are volatile at ambient temperatures. Since volatile substrates partition between the gas phase (air) and the liquid phase (water), the rates of mass transfer may limit the overall degradation rates. All experiments described here were conducted with highly agitated batch reactors to avoid mass transfer limitations (8) . Substrate degradation kinetics are described in terms of aqueousphase concentration (S L ), gas-phase concentration (S 
. The H c of each chlorinated compound was measured in the laboratory at 20ЊC by a method similar to that used by Gossett (14) , and the H c s of methane, ethane, and ethene were adapted from the work of Mackay and Shiu (18) . The solubility (at 20ЊC) of each compound was measured by the following steps: (i) 1, 3, and 5 ml of the compound-saturated water solution are injected into three sealed 26-ml vials, (ii) the vials are shaken until the organic compound concentrations in the gas and liquid phases reach equilibrium, (iii) the gas phase (headspace) concentration (S G ) of the compound in each vial is analyzed, and (iv) the solubility (S sat ) of the compound is calculated as the average total concentration of the three vials, using the H c measured above
. Cell activity after 4-h exposure to target compounds. To determine whether the oxidation of each target compound would exert toxicity on the methaneoxidizing cultures, three different masses ranging from 200 to 1,000 g of 18 chlorinated and nonchlorinated short-chain aliphatic hydrocarbons (5 methanes, 6 ethanes, and 7 ethenes) were each added to separate batch reactors (V L ϭ 5 ml, V G ϭ 21 ml) with duplicates containing 0.4 mg of cells from the chemostat-grown mixed culture and incubated with shaking for 4 h. These samples were then purged for 5 min with N 2 to remove the remaining organic compounds. Then, methane (3% in air) was added to each treated sample to evaluate cell activity (measured as a percentage of the initial methane degradation rate).
T c and degradation kinetic parameters (k and K s ). T c values were measured by adding three discrete masses of each compound (50 to 200 g for high-toxicity compounds, 300 to 600 g for midtoxicity compounds, and 600 to 1,000 g for low-toxicity compounds) to three separate vials containing 20 mM formate and 1 to 10 mg of cells in the absence of methane. All reactions were performed in duplicate at 20ЊC with 26-ml glass vials containing 5 ml of liquid (V L ) and 21 ml of gas (V G ). The aliphatic-compound-to-cell ratio was manipulated so that complete cellular inactivation occurred before the full amount of aliphatic compound was degraded, allowing direct calculation of the maximum mass transformed per mass of cells. To reduce errors in measurement, experiments were designed so that the final concentration of aliphatic compound remaining in each vial was 10 to 90% of the initial concentration. Final samples were measured at 24, 48, and 72 h after injection to ensure that the cells had been completely inactivated and that degradation had ceased. For compounds with high transformation capacities (i.e., MC, 1,2-DCA, EC, methane, ethane, and ethene), multiple injections of aliphatics were given during the reactions until the cells no longer degraded the compounds. T c was calculated as the difference between the initial and final substrate masses divided by the cell mass per vial [T c ϭ ⌬S
Potential experimental error due to sorption onto cellular material (abiotic uptake) was measured with acetylene (20% in air)-treated cells as previously described (8) .
Degradation kinetics for TCE, cDCE, and VC were represented by the Michaelis-Menten/Monod constants (k is the maximum specific degradation rate, and K s is the half-saturation constant), which were obtained by measuring the initial rates of substrate degradation (four to six concentration measurements in 5 to 20 min) at different aqueous substrate concentrations (10 to 20 initial rates, spanning the range from first-order to zero-order kinetics), using the method described by Bailey and Ollis (4). This initial-rate method was used to minimize the interference from cell inactivation and cell growth, both of which were estimated to exert insignificant effects on initial rates under the conditions of these experiments. Degradation constants were then estimated from the initial rates by the concentration normalization method (1). Experiments were conducted at 20ЊC with 26-ml glass vials sealed with Mininert Teflon-lined caps (Alltech Co., Deerfield, Ill.) containing 5 ml of suspended cells or medium controls in the presence of 20 mM formate. , 0 to 0.76 mM) were also tested. Sealed vials were incubated and analyzed as described in the previous section. All model predictions were calculated with MathCAD and/or Microsoft Excel and accounted for partitioning between the gas and liquid phases.
RESULTS
Product toxicity of chlorinated and nonchlorinated aliphatic hydrocarbons. CF, DCM, TeCA, 1,1,1-TCA, 1,2-DCA, TCE, DCE, and VC exerted strong toxicity on the chemostat-grown mixed culture, as evidenced by decreased methane uptake following oxidation of the chlorinated organic compounds (Table  1) , whereas CTC and PCE (which could not be oxidized) did not. The amount of abiotic loss for each compound was insignificant. Table 1 shows the T c s for 18 individual chlorinated and nonchlorinated aliphatic hydrocarbons by both chemostatgrown and batch-grown mixed methane-oxidizing cultures and the two batch-grown pure methanotrophic cultures (CAC1 and M. trichosporium T c ). There is no T c for methane, since it is the growth substrate of methane-oxidizing cultures and is not toxic to the cells. The T c values of MC, 1,2-DCA, EC, ethane, and ethene may not represent accurate measurements of product toxicity, since these compounds may have supplied carbon and/or energy to cells, thereby allowing some cell growth or repair prior to inactivation.
For the chlorinated methanes ( Fig. 1) , T c values decreased with increasing chlorine content, with CTC undergoing no degradation. All four cultures tested followed this trend, with OB3b exhibiting the highest T c for each compound. The pattern of degradation was similar for the chlorinated ethanes (Fig. 2) , except that the chemostat-grown mixed culture degraded the compounds with two or more chlorines to a significantly greater extent than did the other methane-oxidizing cultures.
The relationship between chlorine content and T c was also apparent for the chlorinated ethenes (Fig. 3) , with the significant exception of 1,1-DCE, which exerted much more toxicity than did either cDCE or tDCE and the more highly chlorinated TCE. The chemostat-grown mixed culture had a higher T c value than OB3b for TCE and cDCE.
Degradation kinetics for TCE, cDCE, and VC by methane oxidizers. The initial degradation rates for three chlorinated ethenes (TCE, cDCE, and VC) by the chemostat-grown mixed culture were measured and compared over a range of aqueous concentrations (S L ) (Fig. 4) . The Michaelis-Menten/Monod kinetic parameters (k and K s ) for TCE, cDCE, and VC are listed in Table 2 . All the compounds showed similar degradation kinetics; however, no direct relationship was apparent between the cometabolic degradation rate and the chlorine content of the three compounds. 
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T c mix and ⌺T c mix for TCE, cDCE, and/or VC in mixtures. To establish whether the cometabolic degradation of chlorinated aliphatic hydrocarbons by methane-oxidizing cultures is governed by cumulative toxicity or by independent toxicity, experiments in which six different amounts of TCE were added to a series of glass vials each initially containing a given amount of cDCE and chemostat-grown methane oxidizers were conducted. , and ⌺T c mix in the mixture, demonstrating that toxicity is cumulative during the degradation and is predictable from knowledge of the mixture components and parameters (T c and k/K S ) measured during the degradation of individual compounds.
Similar experiments performed with a mixture of VC and TCE (Fig. 6 ) and a triple mixture of cDCE, VC, and TCE (Fig.  7) also showed that the cumulative-toxicity model predictions closely described T c mix and ⌺T c mix in each mixture, further verifying the hypothesis and model applicability.
DISCUSSION
The measurement of T c values of two mixed and two pure methane-oxidizing cultures for 18 individual chlorinated and nonchlorinated aliphatics showed a clear relationship to the chlorine content. Within similar carbon structure groups (methanes, ethanes, and ethenes), measured T c values were generally in inverse proportion to the chlorine content, with nonchlorinated compounds exhibiting the highest T c values.
The similar results observed with these different cultures suggest that this toxicity pattern may be a general phenomenon and that methane-oxidizing consortia present in natural environments may follow similar trends.
A notable exception to this relationship was observed with 1,1-DCE, which exerted a much higher toxicity than the other dichloroethylenes (i.e., cDCE and tDCE) with all four cultures. Another possible exception is VC, which exhibited a T c equivalent to those for cDCE and tDCE by the chemostatgrown mixed culture only. However, because of the large standard deviation of T c for VC (Table 1 ) and the difference in behavior between the chemostat-grown mixed culture and the other three cultures, it is not clear whether VC represents a true exception to the trend.
A recent study has shown that the cytotoxic effects of 1,1-DCE in mice are associated with cytochrome P-450-dependent formation of metabolites that bind covalently to tissue macromolecules (19) . It is possible that an irreversible binding of oxidation products to oxygenase enzymes, similar to the mechanism of acetylene poisoning, is the cause of the low T c observed for 1,1-DCE. Another recent study (11) rine distributions may result in higher product toxicity. Both of these hypotheses warrant further study.
For the three chlorinated ethenes tested in this research (i.e., TCE, cDCE, and VC), no direct relationship was found between initial rates of degradation and chlorine content. Other researchers have also compared the cometabolic degradation rates for various chlorinated aliphatic hydrocarbons by pure enzymes and cells from pure and mixed methanotrophic cultures (13, 20, 21) and have found no relationship between the degradation rate and chlorine content.
Some of the previously reported results for the degradation of chlorinated aliphatic hydrocarbons by methane-oxidizing cultures that are contradictory with respect to trends related to chlorine content and toxicity may be due to the following factors.
(i) The first is a comparison of degradation rates instead of T c . Degradation rates are affected by the affinity of a substrate for the oxygenase enzyme as well as by the enzyme efficiencies and the substrate concentrations but are marginally reflective of the toxicity caused by the products generated during the cometabolic oxidation. On the other hand, T c represents the amount of a compound that can be degraded by cells prior to inactivation, which directly reflects the product toxicity associated with cometabolic degradations. Therefore, if there is a trend associated with the toxicity from the cometabolic oxidation reactions, T c should be a better parameter for this comparison. (ii) The second factor is a comparison performed under reducing-energy limitation. For cometabolic reactions with reducing-energy limitation, degradation may stop because of the depletion of reducing energy, resulting in an observed transformation capacity that would not directly reflect the product toxicity of the tested compound. (iii) The third factor is a comparison that is skewed by competitive inhibition from methane. The addition of methane during cometabolic reactions may allow methane-oxidizing cells to regenerate reducing energy; however, methane not only competes with chlorinated aliphatic hydrocarbons for the oxygenase enzymes but also promotes enzyme and cell synthesis, masking measurements of product toxicity. The measurement of T c in this research was performed with a 20 mM formate amendment and in the absence of methane to avoid the interference described above, allowing the measured T c to more closely reflect the product toxicity associated with cometabolic degradation reactions.
The close fit between the cumulative-toxicity model predictions and experimental data in Fig. 5 to 7 suggests that the product toxicity of chlorinated aliphatic hydrocarbons in an aqueous mixture is mathematically cumulative. According to the model derivation, both T ci mix and ⌺T ci mix are functions of T ci , S i0 and k i /K Si for each chlorinated aliphatic compound in the mixture, suggesting that it is essential to know the composition of a wastewater mixture before designing reactors based on cometabolic degradation. In addition, predictions of the potential transformation of a compound in a mixture without full knowledge of the other mixture components could result in significant overestimation and should be avoided.
In this study, the fully chlorinated compounds such as PCE and CTC were not degraded by any of the four methaneoxidizing cultures and exerted no toxic effects. Similar results have also been observed in other studies (13, 21, 23) . These results indicate that a pretreatment such as reductive dechlorination would be needed for the treatment of PCE and CTC prior to cometabolic oxidation by methane oxidizers. Furthermore, because the toxicity of chlorinated compounds generally decreases with lowered chlorine content, it would be reasonable to design a reductive dechlorination pretreatment to reduce the chlorine content of highly chlorinated compounds as a preliminary stage, with cometabolic oxidation occurring at a later stage in the treatment system.
APPENDIX
Equations for specific calculation of T ci mix and ⌺T c mix in chlorinated aliphatic mixtures based on the cumulative toxicity model are given below.
In a mixture containing two competing oxygenase substrates (S 1 and S 2 ), the specific degradation rate of each substrate can be described by the following equations (4):
Dividing equation A1 by equation A2, we get
If we assume that the product toxicity of S 1 and S 2 is cumulative during the cometabolic reaction (according to equation 3), the total cells inactivated during the degradation could be expressed in terms of each individual T c as follows:
In a batch reactor containing an initial number of active microbial cells (X 0 , where the subscript zero represents the initial value) and excess amounts of initial substrates (S 1 0 and S 2 0 ), the microbial cells would be expected to be completely inactivated after a sufficient period (X f ϭ 0, where the subscript represents the final value) while some amount of substrates (S lf and S 2f ) would still remain in solution. Accordingly, equations A3 and A4 can be integrated over time for a batch reactor to give
With parameters measured from experiments conducted with individual compounds (i.e., T c1 , T c2 , k 1 /K S1 , and k 2 /K S2 ) and the initial substrate and cell concentrations (S 10 , S 20 , and X 0 ), the final concentration of each substrate in a batch system (S 1f and S 2f ) can be predicted by solving equations A5 and A6 simultaneously.
By using the predicted S 1f and S 2f , the amount of each compound that can be transformed by cells in the mixture (T c1 mix and T c2 mix ) can be then calculated from equation 4:
mix ϭ S 10 Ϫ S1f S 10 
